Interest in the fundamental cellular mechanisms that control for reactive oxygen species (ROS) generation suppressed the fertilizing potential of human spermatozoa stems primarily (White and Aitken, 1989; Aitken and Fisher, 1997) . During from a need to understand the aetiology of defective sperm the initial stages of capacitation all of these conditions are function, which remains the single, largest, defined cause of reversed. Intracellular calcium concentrations start to rise, ROS human infertility (Hull et al., 1985) . Although intracytoplasmic generation is initiated, cAMP concentrations increase and sperm injection (ICSI) has made a major contribution to the spermatozoa develop a highly vigorous form of motility known treatment of the infertile male, the indiscriminant use of this as hyperactivation. Capacitation is also associated with a global technique in the absence of an adequate diagnosis, raises increase in tyrosine phosphorylation, as a consequence of difficulties in terms of the efficient utilization of resources and ROS-induced changes in the redox status of the cells (Aitken the inadvertent transmission of infertility to the offspring. , and an increase in cAMP generation (Visconti this context it is clear that some severe forms of male infertility et al., 1995b) . The induction of tyrosine phosphorylation is do have a genetic origin involving, for example, deletions on one of the most important events in capacitation, since if it is the Y-chromosome (Chandley, 1995) . It is also clear that the blocked by tyrosine kinase inhibitors such as genistein, then widely publicized decline in human sperm counts reported in capacitation cannot occur (Aitken et al., 1996a) . Knowledge several European countries (Carlsen et al., 1992) is happening of the mechanisms controlling tyrosine phosphorylation during at too fast a rate to be genetic, and probably involves capacitation, and the nature and function of the proteins environmental factors. Male infertility is thus a multifactorial targeted in this process, is therefore central to our understanding phenomenon and elucidation of its many causes is the only of how spermatozoa become primed for fertilization. route to providing rational strategies for the prevention and
The importance of redox-regulated reactions in controlling treatment of this condition.
the events surrounding capacitation is one of the most significIn order to provide new insights into the causes of male ant insights into sperm cell biology to have emerged in recent infertility, we must first establish a satisfactory model for the years (Bize et al., 1991; Griveau et al., 1994; Aitken et al., cellular mechanisms that drive normal sperm function. In this 1995 , 1996a De Lamirande et al., 1997) . However, there are issue of Molecular Human Reproduction we have addressed differences between groups in terms of whether it is superoxide this issue by assembling a series of articles that represent the or hydrogen peroxide which is the major mediator of capacitcurrent state-of-the-art in terms of our understanding of the ation; these are differences of emphasis rather than direction, biochemical mechanisms controlling the functional competence since both of these reactive metabolites are probably involved of human spermatozoa.
in controlling different elements of the capacitation process. In terms of the central regulation of tyrosine phosphorylation, it is undoubtedly hydrogen peroxide that is the major player.
Capacitation
If hydrogen peroxide generation by mammalian spermatozoa De Lamirande et al. (1997) have produced an authoritative is scavenged by the presence of catalase then capacitation fails analysis of the capacitation process in which they have to occur and the spermatozoa lose their competence to respond considered the definition, measurement and biochemistry of this to a variety of physiological (ZP3 and progesterone) and nonphenomenon. In vivo, capacitation prepares the spermatozoa for physiological (A23187, lysophosphatidyl choline) inducers interaction with the cumulus-oocyte complex; i.e. it is a (Bize et al., 1991; Aitken et al., 1995 Aitken et al., , 1996a . Significantly, 'priming' process that programmes the spermatozoa in such a this suppression of the capacitation by catalase is associated way that these cells arrive at the site of fertilization at the with the inhibition of tyrosine phosphorylation (Aitken et al., appropriate time and rapidly undergo the acrosome reaction 1995). Conversely, the stimulation of capacitation through the on making contact with the surface of the zona pellucida. The direct addition of hydrogen peroxide or exposure to a glucose early stages of this process probably involve reversal of some oxidase, hydrogen peroxide-generating system, is associated of the changes that spermatozoa must undergo in the epididymis with the induction of tyrosine phosphorylation (Bize et al. , in order to prepare them for storage (Bedford, 1983) . During 1991; Aitken et al., 1995 Aitken et al., , 1996a . Furthermore, if the oxidizing their sojourn in the cauda epididymis, the spermatozoa are conditions created by hydrogen peroxide are counteracted by held in an immotile state, characterized by low intracellular concentrations of cAMP and calcium, with their innate capacity the presence of a membrane permeant reducing agent such as 2-mercaptoethanol, then tyrosine phosphorylation does not have no idea how physiological our in-vitro systems are.
In vivo, capacitation is clearly a highly ordered process that, occur and capacitation fails (Aitken et al., 1995 (Aitken et al., , 1996a .
The way in which hydrogen peroxide induces tyrosine in the human, can apparently maintain spermatozoa in a responsive state for several days, while awaiting the arrival of phosphorylation could involve the suppression of tyrosine phosphatase activity (Hecht and Zick, 1992) since the latter is the oocyte. Little is known of the mechanisms controlling the rate at which capacitation occurs as these cells pass through critically dependent upon the reduced status of the thiol group on a highly conserved cysteine residue (Cys 215 in PTP 1B) the female reproductive tract, but clearly it is an extremely dynamic process. One component of capacitation that has which can be directly oxidised by hydrogen peroxide, leading to a loss of phosphatase activity. In addition to the suppression received attention recently has been the terminal stages of this process, as spermatozoa pass through the cumulus mass and of phosphatase activity, tyrosine kinase activity might also be activated in the light of data revealing the oxidant-mediated prepare for the acrosome reaction. As spermatozoa enter the vicinity of the oocyte, they fall under the influence of activation kinases such as p72 syk and Ltk (Bauskin et al., 1991; Schieven et al., 1993) . It is also possible that hydrogen progesterone. This steroid induces a calcium transient in the spermatozoa by promoting the sudden influx of extracellular peroxide may induce an increase in tyrosine phosphorylation via a third mechanism involving the stimulation of sperm calcium into the acrosomal region of the sperm head (Osman et al., 1989; Blackmore et al., 1990) . In capacitated cells, that adenylate cyclase, since cAMP is also known to enhance phosphotyrosine expression in spermatozoa and there are have experienced an increase in tyrosine phosphorylation, this primary calcium influx is followed by secondary calcium precedents for the redox regulation of adenylate cyclase in other cell types (Tan et al., 1995; Visconti et al., 1995a,b;  transients (Tesarik et al., 1996) resulting in highly sensitized spermatozoa that should readily undergo the acrosome reaction. De Lamirande et al., 1997) .
Other conditions that are known to be absolutely necessary for capacitation, such as the inclusion of glucose and bicarbonAcrosome reaction ate in the incubation medium, also mediate their effects through the control of ROS generation and hence tyrosine As a consequence of capacitation, the spermatozoon should possess concentrations of intracellular calcium of around phosphorylation. Thus the redox regulation of tyrosine phosphorylation is a key component of the mechanisms controlling 250 nM, a cytoskeletal network of F-actin on the plasma and outer acrosomal membranes to which phosphorylated PLC has sperm capacitation. It is not the only condition however. For example, mM concentrations of calcium in the extracellular become bound, and an array of tyrosine phosphorylated proteins in the fibrous sheath and plasma membrane. The cell should space are thought to be required for capacitation to occur, fuelling a stepwise increase in intracellular calcium concentraalso have swum through an environment rich in progesterone and, as a consequence, exhibited primary and secondary tions that promotes ROS generation and adenylate cyclase stimulation (De Lamirande et al., 1997) . However, if extracellucalcium transients. Such cells are fully primed and will acrosome react rapidly on making contact with the zona lar calcium is omitted from the incubation medium then paradoxically, tyrosine phosphorylation is induced and yet pellucida (Roldan et al., 1994) . The biochemistry of the acrosome reaction has been eloquently summarized in this capacitation is suppressed (Luconi et al., 1996) . Although the calcium-free conditions used in this study are highly volume by Breitbart and Spungin (1997) . Using a sophisticated and original approach to the analysis of membrane fusion unphysiological, such data clearly make the point that the calcium involvement in capacitation goes beyond the stimulain vitro, these authors have provided important evidence for the key role played by PLC in the early events of the acrosome tion of tyrosine phosphorylation. Other elements of capacitation, including the loss of decapacitation factors and reaction. Activation of PLC would not only account for a quantal rise in intracellular calcium concentrations and cholesterol from the plasma membrane and the reorganization of the cell surface, are all summarized in the review by De enhanced membrane fusogenicity seen during the acrosome reaction but would also explain the disassembly of the F-actin Lamirande et al. (1997) .
Breitbart and Spungin's (1997) contribution to this volume network, through the removal of a phosphatidyl inositol bisphosphate (PIP 2 )-mediated inhibition of actin-severing proadds yet another important component to the capacitation process, characterized by the creation of a filamentous actin teins. Implicit in the model presented by Breitbart and Spungin (1997) is the creation of an intracellular calcium store in the (F-actin) network on the plasma and outer acrosomal membranes. This network stabilizes these two membranes, presperm acrosome during capacitation, which is subsequently mobilized during the acrosome reaction. Such a scheme would venting their premature fusion, while acting as a site to which phospholipase C (PLC) becomes bound following its be in keeping with the recent discovery of an inositol trisphosphate (IP 3 ) receptor in the acrosomal domain of mouse phosphorylation on tyrosine residues. Thus one of the major proteins to become tyrosine phosphorylated during capacitation spermatozoa (Walensky and Snyder, 1995) and might explain the calcium oscillations observed in the acrosomal domain is PLC which, by virtue of the F-actin network, becomes localized to sites where it can participate in the induction of when capacitated human spermatozoa are treated with progesterone. In Figures 1 and 2 a model for cellular control of the acrosome reaction.
A final aspect of capacitation that should not be overlooked capacitation and the acrosome reaction is presented, which incorporates some of these concepts. Inevitably, there are is that much of our understanding of this process has been acquired as a consequence of in-vitro experiments, and we considerable gaps in our knowledge and such models are invariably incomplete and controversial. Nevertheless they ase and superoxide dismutase, the small volume and restricted location of the cytoplasm in mammalian spermatozoa, places provide a framework into which new observations can be built limits on the degree of protection afforded by such molecules and concepts refined. (Mennella and Jones, 1980; Alvarez and Storey, 1989; Zini et al., 1993) . As a consequence of this intrinsic vulnerability,
Oxidative stress
the fluids in which spermatozoa are bathed in the epididymis The central importance of redox regulated processes in the and following ejaculation are characterized by high concentracontrol of human sperm function is unexpected because these tions of antioxidant enzymes and free radical scavengers cells are so intrinsically vulnerable to oxidative stress. The (Hinton et al., 1995; Storey, 1997) . sperm plasma membrane is rich in unsaturated fatty acids, This vulnerability of mammalian spermatozoa to oxidative particularly 22:6, which provides this structure with the fluidity stress finds expression in cases of male infertility, many of it requires to engage in the membrane fusion events associated which are linked to the induction of peroxidative damage in with fertilization, but renders it vulnerable to peroxidative the spermatozoa. This issue features an excellent review by damage (Jones et al., 1979) . Although these cells possess Storey (1997) that takes us through the chemistry of the peroxidation process and the importance of transition metals cytoplasmic antioxidant enzymes, such as glutathione peroxid-in catalysing this process. There can be no doubt that defective peroxidase activity in human spermatozoa has limited capacity (Storey, 1997), the needs of the glutathione cycle will be sperm function involving a loss of motililty and/or failures of sperm-oocyte fusion is frequently associated with peroxidative readily met and NADPH will become available to stimulate the excessive generation of ROS. This is our current hyopothesis damage, as reflected by measurements of malondialdehyde generation in the presence of ferrous ion promoters (Jones although, as Storey (1997) points out, direct evidence for the proposed NADPH oxidase has not yet been obtained. Moreover, et al., 1979; .
The importance of excess ROS generation in the ontogeny there are other possibilities for excess ROS generation which cannot be discarded at this point, such as the potential leakage of oxidative stress has been established in large numbers of independent studies (Sharma and Agarwal, 1996) . The ROS of electrons from damaged mitochondria (Storey, 1997). Uncertainty also surrounds the identity of the species of responsible for the induction of peroxidative damage emanate from either the spermatozoa themselves or from contaminating oxygen metabolite responsible for the initiation of peroxidative damage and the importance of superoxide dismutase (SOD) leukocytes, particularly neutrophils (Aitken, 1994) . Leukocytes are particularly important sources of oxidative stress in the as a protective enzyme. There is evidence from a large number of independent studies indicating that hydrogen peroxide is ejaculates of patients exhibiting leukocytospermia secondary to infection or as a consequence of paraplegia (Sharma and the damaging oxidant as far as human sperm function is concerned (MacLoed, 1943; Aitken et al., 1992; De Lamirande Agarwal, 1996) . In cases of secondary sexual gland infection the first contact between the spermatozoa and the leukocyte and Gagnon, 1992; Griveau et al., 1995; Oeninger et al., 1995) . Although Wales et al. (1959) found some resistance of population will be at the moment of ejaculation. If the leukocytes are rapidly removed from such sperm suspensions human, and especially rabbit, spermatozoa to hydrogen peroxide treatment, it should be remembered that these experiments using anti-CD45 coated magnetic beads, then sperm function can be significantly improved (Aitken et al., 1996b) . In the were performed in the presence of seminal plasma, which is now known to possess catalase-like activity (Zini et al., 1993) . case of paraplegics it is probably the senescent spermatozoa that are responsible for the leukocytic infiltration, in which Storey (1997) also makes a strong case for the cytotoxic effect of superoxide in its protonated form, the hydroperoxyl radical case the oxidative stress might be resolved by the induction of repeated ejaculations to clear the reproductive tract.
(OOHЈ). This is certainly a pernicious radical species but the pKa for this protonation reaction is approximately 4.8. Thus, The excessive production of ROS by spermatozoa appears to be associated with the retention of residual cytoplasm in at physiological pH most of the superoxide will not be protonated but will be converted to hydrogen peroxide under the sperm midpiece following spermiation. Morphometric analysis of the amount of residual cytoplasm present in the the influence of SOD (Alvarez et al., 1987) . That said, it is not possible to discount the possibility that there are sperm midpiece has revealed significant correlations with the production of ROS by purified suspensions of human microenvironments within the cell where the pH might be low enough to favour the chemistry suggested by Storey (1997). spermatozoa (Gomez et al., 1996) . Moreover independent reports have demonstrated that biochemical markers of the Whatever the nature of the oxygen metabolites that initiate the lipoperoxidation cascade, there is general agreement that cytoplasmic space, such as creatine kinase, are positively correlated with the induction of peroxidative damage (Huszar the propagation of this damage through the cell involves lipid hydroperoxides that are extremely cytotoxic to spermatozoa, and Vigue, 1994; Gomez et al., 1996) . We have hypothesized that the reason why cells with an excess of residual cytoplasm particularly in the presence of transition metals. In an applied context, it is noteworthy that some culture media, such as exhibit high rates of ROS generation is related to the enhanced presence of another cytoplasmic enzyme, glucose-6-phosphate
Ham's F10, are actually supplemented with ferrous ions that promote peroxidative damage in human spermatozoa and dehydrogenase (G6PDH). This enzyme fuels the generation of NADPH which, in turn, stimulates the production of ROS contribute to the relatively poor performance of such media in culturing human gametes (Gomez et al., 1996) . The important (Aitken et al., 1995 (Aitken et al., , 1996a . As Storey (1997) points out in his review, the concentrations of NADPH generated by a cytoprotective role played by phospholipase A2 (PLA2), in cleaving peroxidized fatty acids from the parent phospholipid normal fertile spermatozoon are thought to be barely enough to maintain the glutathione cycle and prevent the spermatozoa in order to make them available to glutathione peroxidase for detoxification, is an extremely important component of the from undergoing a premature peroxidative death. Under these circumstances the amount of NADPH available to fuel ROS spermatozoon's defence strategy that is clearly emphasized in Storey's (1997) review. Similarly the critical role played by generation will be limited and the low, steady state generation of superoxide and hydrogen peroxide needed to promote albumin in absorbing peroxidized lipids and removing them from the spermatozoa, is an important insight into why albumin capacitation will be favoured (De Lamirande et al., 1997) . The potential for NADPH to generate large amounts of ROS supplementation of IVF culture media is so important. is still there, however, even in normal cells. If the availablility of this nucleotide is enhanced by the addition of NADPH to Conclusions media containing normal spermatozoa, then high levels of ROS generation can be stimulated (Aitken et al., 1995 (Aitken et al., , 1996a .
The reviews assembled in this issue beautifully illustrate the progress we have made in understanding the basic cellular In the pathological situation, the presence of excess residual cytoplasm increases the G6PDH content of the spermatozoa mechanisms that regulate the fertilizing potential of human spermatozoa. Each review presents a hypothetical model in and enhances the availability of NADPH. Since the glutathione
